sponse, not shared by structural cells, and a subsequent novel mast cell-NK cell immune axis in human antiviral host defense.
Introduction
Mucosal surfaces are the main route of entry for viruses into the body and the site for the development of infections [1] . The recruitment of cytotoxic effector cells and the generation of antiviral cytokines, such as interferons (IFNs), by sentinel cells are known to be important in limiting or eliminating viral infection. However, the mechanism(s) by which these responses are locally coordinated is unclear.
Natural killer (NK) cells are a key component of the innate immune system, essential for optimal host defense, and found in multiple tissues where they have a key role in early immunity to cancer and viruses by killing a variety of tumor and virus-infected cells without prior sensitization. NK cells produce cytokines such as IFN-γ, which promote the activation of other immune effector cells [2] . Optimal function of NK cells is under the control of microenvironmental signals and is tightly regulated by the interplay between inhibitory and activating receptors [3] . Local cytokines such as interleukin (IL)-10, IL-12, IL-15, IL-18 and IFNs are known to regulate NK cell responses [4] . However, the mechanisms by which NK cells are locally activated early in viral infections are not well characterized.
Mast cells are highly specialized immune cells and prominent residents of mucosal and epithelial tissues. They are well known for their detrimental role in allergy. However, they are also important sentinel cells in bacterial and parasitic infections [5] . Mast cells play a crucial role in early immunity, primarily through enhancing effector cell and dendritic cell (DC) mobilization [6] . The mast cell's role in antiviral immunity is also becoming recognized. Recent evidence demonstrates that human mast cells respond to multiple viruses including influenza A virus, reovirus and herpes simplex virus through the selective production of proinflammatory cytokines [7] [8] [9] . Our group has previously shown that human mast cells express a range of cytokines and chemokines, some of which selectively recruit NK cells in models of viral infection [9] . Although these data suggest an important role for mast cells during viral infections, the consequences of human mast cell activation by viruses for other aspects of the innate immune response are unknown. Early control of many virus infections necessitates both the recruitment of NK cells and their subsequent activation. The aim of this study was to analyze the mediators produced by human mast cells, compared with other resident tissue cells, in response to reovirus infection and to determine their impact on NK cell function.
Reoviruses are double-stranded-RNA, nonenveloped viruses associated with mild respiratory or gastrointestinal symptoms [10] . Mammalian reovirus type 3 Dearing was used as a model since it induces a successful host response to infection and infects multiple cell types such as immune cells, epithelial cells, cardiac myocytes and fibroblasts [9, [11] [12] [13] . In addition, this mucosal pathogen is associated with the development of a highly effective antiviral immune response at mast cell-rich tissue sites [10] and has been employed in oncolytic therapies for solid tumors [14] .
Our results show that soluble mediators produced by virus-infected human mast cells induced NK cell activation and enhanced NK cell cytotoxicity, primarily by mechanisms dependent on mast cell type I IFN expression and not on mast cell-derived type III IFNs or IL-10.
In vivo, reovirus-infected human mast cells, but not reovirus-infected human fibroblasts, recruited and activated murine NK cells. While most cells are capable of producing some type I IFNs during viral infection, the combined production of high levels of a wide variety of type I IFNs and NK chemoattractants by mast cells is unusual. We have demonstrated that reovirus-infected mast cells produce a variety of IFN-α subtypes and IFN-β in much greater amounts than those contributed by normal human lung fibroblasts (NHLF) or epithelial cells. Taken together, our results define an important mast cell IFN response, not shared by structural cells, and the subsequent novel mast cell-NK cell immune axis in the human antiviral host defense.
Methods

Mice
Male nonobese diabetic mice homozygous for the severe combined immune deficiency spontaneous mutation Prkdc scid (NOD SCID mice) were purchased from Jackson Laboratories (Bar Harbor, Me., USA). Mice, 14-21 weeks of age, were used for experiments and housed in a pathogen-free facility following the guidelines established by the Canadian Council on Animal Care.
Cell Cultures
Cord blood-derived mast cells (CBMC) were generated by long-term culture of cord blood-derived cells according to an adaptation of the method described by Enoksson et al. [15] . Briefly, mononuclear cells obtained from umbilical cord blood were cultured at 1.0 × 10 6 cells/ml and passaged once per week for 4 weeks in StemSpan SFEM medium (Stem Cell Technologies, Vancouver, B.C., Canada) containing 10 ng/ml hIL-3 (present only for the first week of culture, eBiosciences, San Diego, Calif., USA), 10 ng/ml hIL-6 and 100 ng/ml hSCF (Peprotech, Rocky Hill, N.J., USA) in 5% CO 2 at 37 ° C in humidified atmosphere. At 5 weeks of culture, the medium was replaced by RPMI 1640 (Sigma, St Louis, Mo., USA) supplemented with 10% fetal bovine serum (FBS; Sigma), 2 m M L -glutamine (Hyclone Labs, Thermo Scientific, Rockford, Ill., USA), 1× penicillin/streptomycin (P/S; HyClone), 5 × 10 -5 M 2-mercaptoethanol (Sigma), 15 m M HEPES (HyClone), 0.1 m M nonessential amino acids (HyClone), 100 ng/ml hSCF and 10 ng/ ml hIL-6. Mast cell purity was evaluated by surface expression of c-Kit/CD117 at week 6. The purity of mast cells used in the experiments was ≥ 95%. Typically, CBMC cultures were devoid of DC and >99% positive for tryptase. NHLF (CCL-204) and Calu-3 cells were purchased from ATCC (Manassas, Va., USA) and cultured in RPMI supplemented with 10% FBS or Dulbecco's modified Eagle medium/Ham's F-12 nutrient mixture (Thermo Fisher Scientific) supplemented with 10% FBS, respectively. Normal human bronchial epithelial cells (NBEC, Lonza, Workingham, UK) were cultured in growth factor-supplemented bronchial epithelial cell medium (Lonza) following the manufacturer's instructions. Conventional DC were differentiated in vitro from peripheral monocytes. Briefly, peripheral blood mononuclear cells (PBMC)
Human NK Cell Isolation NK cells were purified from PBMC with an EasySep human NK cell enrichment kit (Stem Cell Technologies). Cells used for mRNA analysis were 92.1 ± 3.2% CD3 -CD56 + .
NK Cell Stimulation
NK cells were incubated with RPMI supplemented with 10% FBS (10% RPMI), Mock-CBMC sn, Reo-CBMC sn, 10 ng/ml human IFN-α2 (US Biological, Salem, Mass., USA), 100 ng/ml hIFN-λ1 (Peprotech) or 10 ng/ml IL-10 (Peprotech) for 24 h. For IFN-γ production, 100 ng/ml of IL-18 (R&D Systems) was added to the NK cells cultured in the presence of CBMC sn.
In vivo Matrigel NK Cell Activation
Reo-CBMC, UV-Reo CBMC, Reo-NHLF, Mock-CBMC and Mock-NHLF were resuspended at 3.5 × 10 6 cells/ml in growth factor-reduced Matrigel (BD Biosciences, San José, Calif., USA). NOD SCID mice were injected subcutaneously at 4 sites with 200-μl suspensions (2 sites Reo cells and 2 sites with either uninfected or UV-Reo cells). Mice were euthanized 24 h after injection. The Matrigel sites were harvested and treated with digestion buffer (2.24 U/ml dispase, 100 μg/ml DNAse) prior to cell analysis by flow cytometry.
Flow Cytometric Analysis
Mouse cells recruited to Matrigel sites were stained with biotinylated anti-CD49b and SA-PE, anti-CD69-FITC and anti-CD45-APC antibodies. Human NK cells were stained with biotinylated anti-CD69 and SA-FITC. Intracellular IFN-γ was analyzed with an anti-IFN-γ-APC. Antibodies were all obtained from eBiosciences. Reovirus infection was analyzed by intracellular staining using an anti-reovirus polyclonal rabbit antibody followed by anti-rabbit IgG-Alexa Fluor 488 (Molecular Probes, Invitrogen). For all conditions, Fc receptors were blocked with 100 μg/ml hIgG. Samples were analyzed using a BD FACSCalibur flow cytometer (BD Biosciences).
Cytotoxicity Assay
Cytotoxicity was evaluated by a CytoTox 96 nonradioactive cytotoxicity assay (Promega). Briefly, human NK cells were resuspended in Reo-CBMC sn or Mock-CBMC sn. NK cells were cultured in U-bottom 96-well microwell plates (Thermo Scientific) at ratios of 2: 1 and 4: 1 (effector:target, E:T) in the presence of 5,000 cells/well of the target cell line K562 (ATCC, Manassas, Va., USA) and incubated for 4 h at 37 ° C. All conditions were carried out in triplicate. Target cell maximum release (TM) was determined by lysing K562 cells with 10 μl of lysis solution. Target cell spontaneous release (TS) was determined by the incubation of K562 cells in either Mock-CBMC or Reo-CBMC sn in the absence of effector NK cells. Effector cell spontaneous release (ES) was measured with the corresponding NK cell concentration in the absence of the target cells. NK cytotoxicity rate (%) was calculated as follows = [(Experimental − ES − TS)/(TM − TS)] × 100.
Type I IFN Receptor Blockade
Human NK cells were pretreated with 5 μg/ml of either mouse anti-human IFN receptor (IFNAR) chain 2 (IFNAR2, Calbiochem, San Diego, Calif., USA) or 5 μg/ml of mouse IgG2a (BioLegend) for 1.5 h at 37 ° C, followed by the addition of Reo-CBMC sn.
Statistics
For comparison of matched groups, depending upon data distribution (normality test), the paired t test or the Wilcoxon matched test were performed. Repeated-measures ANOVA and the Tukey post hoc test were used for comparisons of multiple groups. Differences were considered significant at p < 0.05. Statistical analyses were performed using InStat software v3.10 (GraphPad Software Inc., San Diego, Calif., USA).
Study Approval
Umbilical cord blood samples were obtained following the approval of the research ethics board of the Izaak Walton Killam Health Centre, Halifax, N.S., Canada. Adult blood donors provided written informed consent. Experiments involving animals were performed according to protocols approved by the animal research ethics board of Dalhousie University (Halifax, N.S., Canada).
Results
Mediators Produced by Mast Cells in Response to
Reovirus Infection Activate NK Cells Activated NK cells have enhanced cytotoxic function which results in the recognition and killing of a range of transformed and infected cells that are not lysed by resting NK cells [16] . Therefore, the ability of soluble mediators produced by virus-infected mast cells to enhance NK cell functions was analyzed. NK cells upregulated the activation marker CD69 in response to sn derived from Reo-CBMC (Reo-CBMC sn) ( fig. 1 ) but not control sn. CD69 expression is associated with the enhanced cytotoxic activity of NK cells [17] . The expression of genes related to the granule exocytosis NK cytotoxicity pathway, perforin 1 (PRF1) and granzyme B (GZMB) , and of the TIA-1 gene, which encodes an apoptosis-inducing RNA-binding protein in cytotoxic granules [18] , was ex- -CD56 + cells) was analyzed for CD69 expression by FACS (n = 7). b PRF1 (n = 6), TIA-1 (n = 5) and GZMB (n = 5) gene expression was analyzed by qPCR and shown as normalized to GAPDH. c NK cells were resuspended in either Mock-CBMC sn or Reo-CBMC sn and cytotoxic activity against the K562 cell line was analyzed by LDH release assay at ratios of 2: 1 and 4: 1 (E:T) after 4 h of coculture (n = 6). All conditions were carried out in triplicate. d IFN-γ production was determined following stimulation with either Mock-CBMC sn or Reo-CBMC sn in the presence (+) or absence (-) of 100 ng/ml IL-18 (n = 7). Samples were analyzed by FACS. Data were compared using repeated-measures ANOVA with the Tukey post hoc test ( a , b ) or paired t test ( c , d ). * p < 0.05, * * p < 0.01, * * * p < 0.001. Results are presented as mean ± SEM from at least 3 independent experiments performed on at least 5 different donors. e Reovirus infection was analyzed by FACS in CBMC (upper panel, n = 6) and NK cells (lower panel, n = 2) after culture with 20 MOI reovirus or Reo-CBMC sn, respectively. Isotype control (filled histograms) and anti-reovirus (empty histograms and black line) are shown.
amined. Both PRF1 and TIA-1 mRNA levels were consistently enhanced upon stimulation with Reo-CBMC sn compared with controls. NK cells from 3/5 donors also demonstrated enhanced expression of GZMB in response to Reo-CBMC sn ( fig. 1 b) . In order to analyze if the cytotoxic activity of NK cells was in fact enhanced by soluble mediator(s) derived from reovirus-infected human mast cells, NK cells from 6 donors were cocultured with K562 tumor cells in the presence of Reo-CBMC sn or Mock-CBMC sn. The K562 cell line, an NK cell-sensitive target in widespread use for the analysis of NK cytotoxic activity, was chosen as an appropriate NK target rather than reovirus-infected cells since reovirus type 3 Dearing is highly lytic in many cell types and infects multiple cell types including, potentially, NK cells [9, [11] [12] [13] . Enhanced cytotoxic activity against K562 cells was consistently observed when NK cells were treated with Reo-CBMC sn compared to sn derived from uninfected mast cell cultures (Mock-CBMC sn) ( fig. 1 c) , indicating that virus-infected mast cells produce soluble mediator(s) that enhance the cytotoxic activity of NK cells. K562 cultured alone in CBMC sn did not undergo cell lysis (data not shown).
IFN-γ production is also characteristic of activated NK cells. The activation of NK cells can be regulated by cytokines such as IL-18, which can be produced by macrophages during viral infections [19] . IL-18 has been shown to act in synergy with other cytokines to induce NK cell IFN-γ production [4, 20] . An increased production of IFN-γ was observed when NK cells were stimulated with Reo-CBMC sn in the presence of exogenous IL-18 ( fig. 1 d) .
To further confirm that activation of NK cells by mast cell sn was not the result of residual active reovirus, despite UV light inactivation treatment, the intracellular presence of the virus was analyzed by FACS in NK cells after 24 h of culture with the previously UV-treated, Reo-CBMC sn. No infection of NK cells by reovirus was observed under these conditions ( fig. 1 e) .
Virus-Infected Human Mast Cells Induce Recruitment and Activation of NK Cells in vivo
Both NK cell attracting chemokines and type I IFNs are known to act across the human-to-mouse species barrier [21, 22] . To investigate the ability of mast cells to induce NK cell activation at sites of viral infection, NOD SCID mice were injected with CBMC in Matrigel suspensions (CBMC Mat) following treatment of the mast cells with active reovirus or UV-Reo. NK cells from NOD SCID mice migrate normally, but have reduced NK cell cytotoxic function [23] and so these mice are excellent recipients of human hematopoietic cells. CBMC sn were not included in this analysis so as to ensure the maintenance of a chemoattractant gradient and avoid diluting the Matrigel. At mucosal surfaces, viruses infect both structural and immune sentinel cells. Therefore, we compared mast cell IFN responses with those of NHLF and human epithelial cells. Matrigel sites containing uninfected epithelial cells resulted in an extremely high background and the recruitment and activation of a range of murine inflammatory cells (data not shown). Consequently, this cell type was excluded from our in vivo analysis. An elevated number of CD49b + NK cells were recruited to the Matrigel sites containing Reo-CBMC (Reo-CBMC Mat) in comparison to Matrigel sites with CBMC treated with UV-Reo (UV-Reo CBMC Mat) ( fig. 2 a) . We also analyzed if immune cells other than NK cells were recruited by virus-infected mast cells. An enhanced number of neutrophils were recruited to Reo-CBMC Mat sites (online suppl. fig. S1 ; for all online suppl. material, see www.karger.com/doi/10.159/000450576). However, this difference was not statistically significant in comparison to uninfected mast cells (p > 0.05, paired t test). Monocyte and macrophage numbers were similar at the Mock-CBMC Mat and Reo-CBMC Mat sites (online suppl. fig.  S1 ). The Matrigel-only sites demonstrated little cell recruitment (n = 2; average = 4.1 × 10 4 cells) compared to the Mock-CBMC Mat (n = 4; 3.3 × 10 5 recruited cells) and Reo-CBMC Mat (n = 4; 6.08 × 10 5 recruited cells) (data not shown).
Mock-NHLF and Reo-NHLF induced a similar recruitment of NK cells ( fig. 2 a) , which was not significant different to Reo-CBMC Mat (p > 0.05, unpaired t test). The high baseline NK cell recruitment observed in response to Mock-NHLF could be attributed to the constitutive expression of chemokines such as IL-8, CXCL12 and CCL-2 [24] . The activation status of recruited CD49b + NK cells was also determined. Because of either not detectable or extremely low NK cell recruitment for many sites in response to UV-Reo CBMC, the results from Matrigel sites containing either UV-Reo CBMC (n = 1) or Mock-CBMC (n = 4), where ≥ 0.5% of NK cells were recruited, were pooled in order to analyze the level of activation of NK cells recruited to sites of uninfected mast cells. NK cells recruited to Reo-CBMC Mat showed increased expression of CD69 when compared with NK cells recruited to Control-CBMC Mat ( fig. 2 b) . Neither of the fibroblast-containing conditions induced activation of NK cells ( fig. 2 b) . Our results demonstrate that infected human mast cells induced both the recruitment and Results from the 5 animals where both control and Reo-CBMC Mat data were available were compared using the paired t test. * p < 0.05; all the available data from 9 (CBMC) or 6 (NHLF) NOD SCID are represented graphically as mean ± SEM from at least 5 independent experiments with at least 2 mice. n.s. = Not significant. 
NK Cell-Activating Cytokines Produced by Virus-Infected Human Mast Cells
Reo-CBMC sn were analyzed for potential NK cell-activating cytokines [4, 20] . IL-2, IL-15, IL-18, IL-21, IL-1β, IL-13 and IL-33 levels were low and similar in Mock-CBMC, UV-Reo CBMC and Reo-CBMC sn ( table 1 ) . However, greater amounts of IFN-α2, IFN-β (type I IFN), IFN-λ1 (type III IFN), TNF and IL-10 were found in the sn from reovirus-infected human mast cells than from either control cells or UV-Reo-treated cells ( fig. 3 ) . TNF can synergize with IL-12 to induce IFN-γ production by NK cells [4, 20] . However, IL-12 was only produced at low levels by reovirus-infected mast cells (20.4 ± 11 pg/ml). Consistent with these findings, IFN-γ production was not induced from the NK cells by stimulation with mediators from reovirus-infected mast cells alone ( fig. 1 d) . Despite its well-described anti-inflammatory properties, several reports show that IL-10 can enhance the function of NK cells [18, 25] . Type I IFNs are produced in response to viral infections and are involved in the regulation of NK cell cytotoxic activity [20, 26] . Recently described, type III IFNs share a similar expression pattern and biological activities to type I IFNs [27] . Overall, our results suggested that mast cell-derived IL-10, IFN-λ1 and type I IFNs were candidate mast cell mediators involved in NK cell activation ( fig. 1 ).
NK Cell Responses to Cytokines Produced by Reo-CBMC
In order to analyze the role of IFNs and IL-10, purified human NK cells were stimulated in parallel with Reo-CBMC sn, type I IFN (IFN-α2), type III IFN (IFN-λ1) or IL-10. Medium alone (control) and Mock-CBMC sn were used as negative controls. Only IFN-α2 (IFN-α) and Reo-CBMC sn significantly induced the expression of CD69 ( fig. 4 a) . In addition, IFN-α induced the expression of PRF1, similar to Reo-CBMC sn, and to a higher level than that observed following treatment with products of unin- Data are presented as mean ± SEM (n = 6). n.d. = Not determined. fected mast cells ( fig. 4 b) . Neither IFN-λ1 nor IL-10 stimulation induced significant changes in CD69 and PRF1 expression compared to control-treated cells ( fig. 4 a, b) .
Since the induction of IFN-γ in NK cells by Reo-CBMC sn was dependent on IL-18 ( fig. 1 d) , the ability of IFN-α, together with IL-18, to induce IFN-γ in NK cells was analyzed. The percentage of IFN-γ + NK cells was similar in the presence of either recombinant IFN-α or the products of reovirus-infected mast cells, in combination with IL-18 ( fig. 4 c) . The addition of IFN-α alone to Reo-CBMC sn did not enhance the percentage of IFN-γ + NK cells (n = 4; data not shown). Overall, IFN-α, but not IL-10 or IFN-λ1, induced the activation of NK cells, similar to that observed in response to Reo-CBMC sn.
Mast Cell-Derived Type I IFNs Regulate NK Cell Responses
To confirm the role of mast cell-derived type I IFNs in NK cell activation, purified NK cells were treated with a blocking antibody against the IFNAR prior to stimulation with Reo-CBMC sn. Blockade of the IFNAR on NK cells completely inhibited the expression of CD69 in response to stimulation with Reo-CBMC sn. An isotype-matched control antibody did not modify CD69 expression ( fig. 5 a) . The mast cell-mediated increase in both PRF1 and TIA-1 gene expression was also significantly inhibited by blockade of IFNAR ( fig. 5 b) . GZMB gene expression changes were inconsistent between donors. IFN-γ production in response to Reo-CBMC sn plus IL-18 was also abrogated when IFNAR on NK cells was blocked ( fig. 5 c) . In 3/8 donors, a decrease in IFN-γ production by NK cells cultured with an isotype control was observed ( fig. 5 c) . However, the overall production of IFN-γ by NK cells in the presence of an isotype control was significantly higher than by NK cells cultured with Reo-CBMC sn alone (p < 0.05). In addition, no significant difference was observed in IFN-γ production when compared to NK The expression of the genes PRF1 , GZMB and TIA-1 was normalized to GAPDH, which was carried out as the value of 2 to the power of the difference between the threshold cycles for the amplification of GAPDH and either PRF1 , TIA-1 or GZMB , and then presented graphically relative to the mock-treated cells for each condition (n = 6). c IFN-γ production in response to Reo-CBMC sn plus IL-18 was analyzed by FACS (n = 8). Data were compared using repeated-measures ANOVA with the Dunn post hoc test. * p < 0.05, * * * p < 0.001. Results are presented as the mean ± SEM from at least 3 independent experiments performed on at least 5 different NK cell donors.
cells cultured with Reo-CBMC sn + IL-18 (p > 0.05; fig. 5 c) . These results confirm that type I IFNs produced by virus-infected mast cells play a major role in modulating the activation of NK cells.
Mast Cells Are an Important Source of Antiviral IFNs
At mucosal surfaces, viruses infect both structural and immune sentinel cells. Most cells are capable of producing type I IFNs during viral infection, but the contribution of different cellular sources can vary. Therefore, the mast cell contribution to antiviral host responses through the production of type I IFNs was analyzed and compared with both NHLF and epithelial cells, such as Calu-3, which represent a good model of the proximal airway epithelium [28, 29] .
Reovirus-infected mast cells demonstrated a substantially greater induction of the IFNA gene family and IFNB gene ( fig. 6 a) compared to Reo-NHLF at both 6 and 24 h ( fig. 6 b) . In contrast, Reo-NHLF demonstrated substantial IL-8 (210.8 ± 150.1 normalized mRNA expression, n = 4) and IL-6 (45.1 ± 13.7 normalized mRNA expression, n = 3) gene expression compared to Mock-NHLF (3.1 ± 1.2 and 6.7 ± 0.5, respectively), similarly to previous findings [30] . Reovirus-infected Calu-3 cells also demonstrated low type I IFN mRNA responses ( fig. 6 c) compared to Reo-CBMC but the levels of infection were similar (>90% reovirus-positive cells; data not shown). Similar to NHLF and Calu-3, A549 (lung), Caco-2 (colonic) and Hela (cervical) epithelial cells showed a preferential induction of IFNB alone ( fig. 6 b, c; data not shown). In order to corroborate that the absent IFNA response by the epithelial cell lines was not due to an impaired IFN response, we included the analysis of NBEC in our study. Similarly, Reo-NBEC upregulated the IFNB gene expression at 6 and 24 h p.i., but the IFNA genes remained unaltered ( fig. 6 d) . In addition, mast cell IFN responses were compared to those from MDDC, an important source of IFNs [31, 32] . Our data show that Reo-CBMC upregulated IFNB and most IFNA genes at similar levels to Reo-MDDC at 6 and 24 h post-infection (p.i.). Only IFNA1 and IFNA14 genes were more highly upregulated by Reo-MDDC than by Reo-CBMC at 6 (n = 3 and n = 7, respectively) and 24 h p.i. (n = 5 and n = 9, respectively) (online suppl. table 1). In addition, the IFNA8 gene was more highly expressed by Reo-MDDC at 6 h p.i. These results demonstrate that there are important differences in the quantity and profile of IFNs produced by virus-infected cells. Mast cells, being long-term, resident tissue cells, are particularly potent producers of a wide range of type I IFNs.
Discussion
Mast cells and NK cells play key roles in effective mucosal immunity. However, beyond the role of mast cells as a source of NK cell chemoattractants [9, 33] , the functional interactions between these cells have not been well studied. We demonstrate that human mast cells express a range of potent cytokines, including IL-10, type I and type III IFNs and TNF in response to reovirus infection. We also showed, for the first time, that virus-infected human mast cells induce NK cell activation both in vivo and in vitro. In addition, enhanced NK cell cytotoxicity and IFN-γ production were dependent on mast cell-derived type I IFNs, rather than on other mast cell products. Finally, mast cells, unlike epithelial cells and fibroblasts, upregulated the expression of all 12 IFN-α members, in addition to IFN-β. These IFN family members have been reported to have distinct immunomodulatory activities [34] .
The ability of mast cell products to enhance the cytotoxic functions and promote IFN-γ production of NK cells is of particular importance, given the strategic location of mast cells at mucosal surfaces. The chemotactic effect of mast cells on NK cells observed in our in vivo model ( fig. 2 a) could have been derived from the indirect effect of IFNs on chemokine production by murine cells or the direct effect of chemokines produced by Reo-CBMC because chemokines derived from virus-infected mast cells have been demonstrated to selectively recruit NK cells [9, 33] , which helps ensure that mast cells and NK cells are in close proximity at sites of infection.
Our data suggest that the capacity to recruit NK cells may be shared by virus-infected structural cells ( fig. 2 a) . However, the data provided from our in vivo model confirm that human mast cells can also activate NK cells in vivo ( fig. 2 b) . This is not a property shared by virus-infected fibroblasts, consistent with the finding of the greater diversity and strength of mast cell type I IFN responses.
The dramatic impact of IFNAR blockade on mast cell sn-induced NK cell effector functions ( fig. 5 ) indicates that mast cell-derived type I IFNs, which are known to work across species barriers [21, 22] , were a principal regulator of NK responses in our experimental model. Although most cells produce type I IFNs in response to viruses, here, we show that the contribution of different cellular sources varies not only in quantity but also in quality. Fibroblasts and epithelial cells preferentially expressed IFN-β upon viral infection as previously shown [13, 35, 36] . IFNB is an extremely potent antiviral agent in human respiratory epithelial cells [37] but is produced , which triggers and enhances the production of IFN-α and IFN-β, respectively (second wave) [38] . Therefore, epithelial cell-derived IFN-β, produced in the early stage of viral infections, could be important for triggering IFN-α subtype production in resident cells such as mast cells. Type III IFNs share biological activities with type I IFNs but these are mediated through the IFN-λ receptor, composed of the IL-10 receptor β and IL-28 receptor α subunits [27] . NK cells had minimal expression of the IL-28 receptor α subunit, as analyzed by qPCR and FACS (data not shown). The target cells of type III IFNs have not been fully described. However, significant expression of IL-28 receptor α has been reported on epithelial cells of the respiratory, gastrointestinal and reproductive tracts [39] , locations where mast cells are especially prominent. Murine models have demonstrated that intestinal epithelial cells respond strongly to IFN-λ but only marginally to type I IFNs in vivo [40] . These results suggest a critical role for IFN-λ in epithelial host defense and nonredundant functions to type I IFNs. Thus, at mucosal epithelial sites, mast cells would be well-placed to promote efficient, local, initial innate antiviral responses in epithelial cells through their type III IFN production ( fig. 7 ) .
IL-10 has previously been reported to be both produced and act upon mast cells [41] , although not in the context of viral infection. The virus-induced mast cell production of IL-10 could potentially limit aspects of local inflammation. IL-10 has been reported to enhance the activation of NK cells [18, 25] , but in our experiments, exogenous IL-10 stimulation of human NK cells did not upregulate CD69 protein ( fig. 4 a) nor did it induce the PRF1 and TIA-1 genes ( fig. 4 b and data not shown, respectively) as reported by Mocellin et al. [18, 25] ; importantly, the levels of IL-10 produced by reovirus-infected mast cells were 90.8 ± 18.5 pg/ml/million cells, while the described concentration of exogenous IL-10 required to activate NK cells is much higher (5-30 ng/ml).
There are multiple sources of IFNs during human viral infections, but as resident, long-lived sentinel cells, mast cells are likely to be an important and sustained local source of type I IFNs below epithelial surfaces. For example, Respiratory syncytial virus (RSV) infection of airway epithelial cells was found to be only a relatively weak inducer of IFN-α [42] , while RSV-infected mast cells Fig. 7 . Mast cells as sentinels in virus infections. Resident mature mast cells located close to blood vessels and epithelial barriers can recognize invading viruses and initiate innate immunity by recruitment and activation of NK cells through the production of CXCL8 and type I IFNs, respectively. Additional resident cells, such as fibroblasts, can also contribute to NK cell recruitment. At mucosal surfaces, the ability of mast cells, compared to structural cells, to express a wide range of IFNs-α (1-21) in addition to chemokines, may contribute to a more diverse cell infiltrate and more sustained IFN response, and therefore influence overall antiviral immunity. In addition to these mediators, mast cells can be considered as an important source of type III IFNs (IFN-λ), which have been reported to specifically protect epithelial surfaces more effectively than type I IFNs.
showed a similar type I IFN production to Reo-CBMC ( fig. 3 ) , despite limited active RSV infection [43] . Plasmacytoid DC are a potentially more potent source of type I IFNs; they are not, however, generally observed in the steady state in normal skin and mucosal tissue [44] and may thus be of greater importance when virus infections become systemic [45] . In contrast, mature mast cells are numerous at most mucosal and skin sites [5, 46] . Another important source of IFNs are classic DC [31, 32] , which reside as immature DC in peripheral tissues. Our data show that human mast cells upregulate type I IFN gene expression to levels similar to human MDDC in response to reovirus infection (online suppl. Antiviral responses, induced by distinct IFN-α members, show a great deal of similarity. However, important differences in IFN-α biological activities have been reported. For example, IFN-α2, but not IFN-α8, favored T cell recruitment [34] . The unusual profile of IFNs-α produced by mast cells, together with their unique chemokine profile in response to viral challenge, likely modifies the inflammatory cell infiltrate, thus influencing the developing immune response.
Asthmatic individuals have a dysfunctional response to viral infections, including rhinoviruses and RSV, commonly leading to asthma exacerbation [47] . Similarly, subjects with atopic dermatitis can develop recurrent and severe infection with HSV [48] . Some medications that are used to ameliorate allergy symptoms impact on mast cells by either reducing the cell numbers or by downregulating their function [49, 50] . Epithelial cells from asthmatic patients have been shown to respond to exogenous IFN-β [37, 51] but their production of this cytokine in response to rhinovirus is poor [52] . It is not yet known if mast cells from disease sites in allergic patients have normal production of type I IFNs. Importantly, the efficient production of IFNs is not only associated with viral clearance, recent reports suggest an important role of type I IFNs in the regulation of Th2 responses [53, 54] . Kanazawa et al. [55] described that asthmatics undergoing IFN therapy for HCV infection had a reduction in asthma attacks. Poor production of type I IFNs could contribute to the development of Th2 responses. The role of mast cells in this context is unknown.
Overall, our data demonstrate that human mast cells are an important source of a range of type I and type III IFNs that contribute to antiviral host responses by inhibiting viral propagation and activating effector cells such as NK cells. NK cell cytotoxic function is enhanced by mast cell mediators produced in response to viral infection, and, in the context of IL-18, mast cell products also increase IFN-γ production by NK cells. When considered together with the existing literature demonstrating mast cell-mediated NK cell chemotaxis, our findings suggest a novel mast cell-NK cell immune axis in the host defense against viral infection ( fig. 7 ) , which could be rapidly induced prior to the generation of acquired immunity. Such responses would be of particular importance for the early response to viral infection at mast cell-rich mucosal surfaces.
